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Summary

CDC®, a replication licensing protein, is partially exported to the cytoplasm in human cells through phosphorylation by Cdk during S
phase. but a significant proportion remains in the nucleus. We report here that human CDC6 physically interacts with ATR. a crucial
checkpoint kinase, in a manner that is stimulated by phosphorylation by Cdk. CDC6 silencing by siRNAs affected ATR-dependent
inhibition of mitotic entry elicited by modest replication stress. Whereas a Cdk-phosphorylation-mimicking CDC6 mutant could rescue
the checkpoint defect by CDC6 silencing, a phosphorylation-deficient mutant could not. Furthermore, we found that the CDC6-ATR
interaction is conserved in Xenopus. We show that the presence of Xernopus CDC6 during S phase is essential for Xenopus ATR to
bind to chromatin in response to replication inhibition. In addition. when human CDC6 amino acid fragment 180-220, which can bind
to both human and Xenopus ATR, was added to Xenopus egg extracts after assembly of the pre-replication complex, Xenopus Chkl
phosphorylation was significantly reduced without lowering replication, probably through a sequestration of CDC6-mediated ATR-
chromatin interaction. Thus, CDC6 might regulate replication-checkpoint activation through the interaction with ATR in higher eukaryotic

cells.

Key words: CDC6, ATR, Cdk phosphorylation, Replication checkpoint, Higher eukaryotic cells

Introduction

In eukaryotic cells, chromosomal DNA replication is tightly
regulated during the cell cycle and closely coordinated with other
cell-cycle events, such as mitosis and DNA-damage response. The
periodic assembly and disassembly of pre-replication complexes
(pre-RCs) at replication origins is a central mechanism that
ensures that there is only one DNA replication per single cell cycle
(Bell and Dutta, 2002; Diffley, 2004; Fujita, 2006). During the
period of low cyclin-dependent kinase (Cdk) from late mitosis
through G1 phase. the origin recognition complex (ORC), CDC6
and Cdtl load a presumptive replicative helicase, the MCM2-7
complex. onto chromatin to assemble the pre-RC. During the S,
G2 and M phases. inappropriate reassembly of the pre-RC and
subsequent re-replication are strictly prohibited by redundant
suppression mechanisms against multiple MCM loaders. In human
cells. Cdtl activity is very tightly restricted by multiple pathways
(Fujita, 2006). Human ORC1 is degraded through ubiquitylation
by SCFSP? (Méndez et al., 2002). CDC6 is a target of Cdk and,
although this leads to degradation in yeast (Drury et al., 1997,
Jallepalli et al., 1997: Jallepalli et al., 1998; Kominami and Tada,
1997), the outcome in human cells is nuclear export (Fujita et al.,
1999; Jiang et al.. 1999: Petersen et al., 1999; Saha et al., 1998).
Whereas phosphorylation of human CDC6 by Cdk negatively
regulates its function in pre-RC formation (Sugimoto et al., 2009),
it is noteworthy that a significant proportion of CDC6 proteins
remains in the nuclei during S phase (Fujita et al., 1999),
suggesting a potential CDC6 function(s) other than pre-RC
assembly.

When chromosomal DNA is damaged. for example by DNA
double-strand breaks (DSBs) and replication stress, cells activate
DNA-damage response cascades to halt the cell cycle. repair the
damage and, if necessary, induce apoptosis (Bartek and Lukas, 2003:
Burrows and Elledge, 2008; Kastan and Bartek, 2004; Nyberg et

al., 2002). Ataxia telangiectasia mutated (ATM) and ATM- and
Rad3-related (ATR) kinases are phosphatidylinositol-3-kinase-
related kinases and are major upstream kinases that signal several
downstream pathways by phosphorylating many effector molecules.
including the Chk1 and Chk2 kinases. The activated Chk 1 and Chk2
eventually delay cell-cycle progression to facilitate DNA repair,
mainly through inhibiting CDC25 phosphatases required for Cdk
activation (Bartek and Lukas, 2003). ATM primarily responds to
DSBs. and mainly phosphorylates and activates Chk2. Several other
checkpoint factors co-function with ATM. For example, The Mrell-
Rad50-Nbs| complex is a sensor for DSBs, substrate for ATM and
regulator of ATM activity (Lee and Paull, 2003).

ATR primarily responds to replication stress and mainly
phosphorylates and activates Chk1 (Burrows and Elledge, 2008).
A current model for ATR recruitment and activation at damaged
sites is as follows: ATR forms a stable complex with the ATRIP
(ATR-interacting protein; Cortez et al.. 2001). When DNA
replication is impeded, extensive single-stranded DNA (ssDNA) is
generated through discordance between DNA polymerases and the
MCM helicase, and then coated by replication protein A (RPA),
which in turn recruits ATR through ATRIP binding (Namiki and
Zou, 2006: Zou and Elledge, 2003). However. the need for the final
step has been challenged by the recent identification of ATRIP
mutants that are deficient in RPA binding and. thus, do not support
stable ATR retention at damaged sites but still promote Chkl
phosphorylation (Ball et al., 2005; Kim et al., 2005). Also in this
pathway. several crucial cofactors are required for optimal activation
of ATR-Chk1. The Rad9-Rad1-Hus1 complex is a PCNA-like clamp
loaded by Rad17-RFC onto damaged sites (Burrows and Elledge,
2008). TopBPI promotes ATR kinase activity (Hashimoto et al..
2006; Kumagai et al., 2006). through interactions with Rad9-Rad1-
Hus1 and ATR-ATRIP (Mordes et al.. 2008). Claspin is a mediator
that facilitates Chk1 phosphorylation by ATR (Lee et al., 2003).
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However. the mechanisms for ATR recruitment and activation at
damaged sites have yet to be completely elucidated.

Several studies in higher eukaryotic cells have implicated the
CDC6 proteins in replication-checkpoint activation. In human
cells, overexpression of CDC6 in G2 cells blocks mitotic entry by
activating Chk1 (Clay-Farrace et al., 2003). In addition, Lau et al.
showed that, despite CDC6 depletion in S-phase cells slowing
replication, it does not activate Chkl and leads to cells that
prematurely enter mitosis with DNA synthesis (Lau et al., 2006).
In an in vitro DNA-replication system with Xenopus egg extracts,
Xenopus CDC6 (XCDC6) was shown to be required for XChkl
activation induced by replication inhibition (Oehlmann et al.,
2004). Nevertheless, the molecular mechanism by which CDC6
contributes to replication-checkpoint activation remains unknown.
Here, we show that human CDC6 physically interacts with ATR in
a Cdk-phosphorylation-stimulated manner and that this interaction
is required for proper activation of the replication checkpoint
induced by modest replication stress. Further experiments suggested
that a similar mechanism might also operate in Xenopus cells. In
fission yeast. Cdc18 (CDC6) physically interacts with Rad3-Rad26
(ATR-ATRIP) via Rad26 to sustain the replication-checkpoint
activation (Hermand and Nurse, 2007). Thus, involvement of
CDC6/Cdcl8 interaction with ATR-ATRIP in a replication
checkpoint might be a conserved feature throughout eukaryotes.

Results

Human CDCS6 physically interacts with ATR in a Cdk-
phosphorylation-stimulated manner

We investigated whether human CDC6 physical interacts with
certain checkpoint protein(s) by GST-CDC6 pulldown assays with
HeLa cell nuclear extracts followed by immunoblotting. ATM and
ATR. but not Chkl, Chk2, TopBP1. claspin, Nbsl or Mrel 1, were
pulled down specifically with GST-CDC6 (Fig. 1AIl). Rad9-HusI-
Radl proteins also did not bind to GST-CDC6 (data not shown).
In these assays. cyclin A and Cdhl, proteins that bind to CDC6
(Mailand and Diffley, 2005; Petersen et al., 1999), served as controls.
To confirm whether endogenous proteins are associated with CDC6
in vivo, HeLa cell nuclear extracts were immunoprecipitated with
an anti-CDC6 antibody. As shown in Fig. 1B, ATR co-precipitated
with CDC6. Thus far, we have been unable to detect co-
immunoprecipitation between endogenous CDC6 and ATM.
Therefore, the CDC6-ATR interaction is considered to be
physiologically important.

We then mapped the interaction domain(s) of CDC6 with ATR
(Fig. 1C,D). GST-CDC6 and the truncated derivatives studied were
mixed with HeLa cell nuclear extracts and bound proteins were
analyzed. ATR was found to bind to CDC6 fragments (amino acids)
89-268 and 180-268, but the binding was significantly weaker with
fragment 1-180 (Fig. 1D). Binding studies to further narrow the
ATR-binding domain found that CDC6 180-220, which contains a
Walker A motif of the AAA ATPase family (Fig. 1C) (Williams et
al,, 1997: Herbig et al.. 1999), is sufficient for ATR interaction (Fig.
ID). As shown below. this fragment was also able to bind to Xenopus
ATR. In these assays. cyclin A, which binds to CDC6 via the Cy
motif, was retained with CDC6 1-180 and 89-268, but not with
CDC6 180-268 and 180-220. as expected. ATR forms a complex
with ATRIP (Cortez et al.. 2001; Zou and Elledge, 2003). In the
studies reported here. it was difficult to determine whether ATRIP
is retained with full-length GST-CDC6 because our antibody
against ATRIP (86 kDa) cross-reacted with GST-CDC6 (Fig. 1E).
However. using truncated GST-CDC6 89-268 and 180-220, which
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Fig. 1. Interaction of human CDC6 and ATR. (A)GST-CDC6 was
incubated with HeLa cell nuclear extracts and bound proteins were analyzed
by Coomassie Brilliant Blue (CBB) staining (1; left panel) or immunoblotting
with the indicated antibodies (11: right panels). Fifieen percent of the input was
also loaded. (B)HeLa cell nuclear extracts were immunoprecipitated with anti-
CDC6 antibody or control rabbit 1gG. The immunoprecipitates (1P) were
subjected to immunoblotting. One percent of the input was also analyzed.

(C) Schematic of wild-type human CDC6 and its truncated mutants used in D.
The Cdk-phosphorylation sites (S54, $74, S106), cyclin-binding motif (Cy;
R94 R95 1L96) and ATPase/ORC-homology-domain containing Walker-A and
-B motifs are marked. The ability of each mutant to interact with ATR.,
analyzed in D, is shown on the right. (D) Full-length GST-CDC6 (WT). its
truncated mutants (amino acids [-180, 89-268, 180-268 and 180-220) or GST
were incubated with HeL.a cell nuclear extracts and bound proteins were
analyzed by CBB staining (lower panel) or immunoblotting. (E)Full-length
GST-CDC6 (WT), its truncated mutants (1-180, 89-268 and 180-220) and
GST were each incubated with HeLa cell nuclear extracts and bound proteins
were immunoblotted with anti-ATRIP antibodies. The asterisk marks a non-
specific band, with a molecular weight similar to ATRIP, due to cross-reaction
of the anti-ATRIP antibody with GST-CDC6 WT.

could bind to ATR, we detected specific retention of ATRIP (Fig.
1E). Similar to ATR, there was only weak binding between ATRIP
and GST-CDC6 1-180.

When CDC6 is overexpressed in G2 cells, it blocks mitotic entry
through Chk 1 activation (Clay-Farrace et al., 2003). CDC6 has three
Cdk-phosphorylation sites (S54. S74 and S106) (Jiang et al.. 1999;
Petersen et al.. 1999) and Cdk phosphorylation is required for CDC6
activity to induce G2 arrest (Clay-Farrace et al., 2003). Therefore,




o)
8]
=

S
3]

w

©

O

—
o

©
=
o
=
o

=

CDCS6 interacts with ATR 227

we investigated whether CDC6-ATR interaction might be regulated
by Cdk phosphorylation. Wild-type CDC6, a phosphorylation-
deficient CDC6 mutant (S54A, S74A, SI106A) and a
phosphorylation-mimic mutant (S54E, S74E. S106E) (Jiang et al..
1999) were tagged with tandem hemagglutinin (HA) at the N-
terminus (2HA-CDC6 WT. AAA and EEE, respectively), and the
vectors expressing CDC6 were transiently transfected into 293T
cells. The nuclear extracts were then immunoprecipitated with anti-
HA antibodies. ATR co-precipitated with 2HA-CDC6 WT and EEE.
but little co-precipitated with the AAA mutant (Fig. 2A). However,
the steady-state levels of 2HA-CDC6 AAA proteins and, therefore,
the levels of immunoprecipitated AAA proteins were lower than
2HA-CDC6 WT and EEE upon transient expression (Fig. 2A), as
expected from the fact that Cdk phosphorylation attenuates
APC/CY!_mediated CDC6 degradation (Mailand and Diffley,
2005). Thercfore. the amount of co-precipitated ATR was
normalized to that of immunoprecipitated CDC6. These results
demonstrated that the efficacy of ATR co-precipitation with 2HA-
CDC6 AAA is reduced to ~40% compared with 2HA-CDC6 WT
and EEE (Fig. 2A. lower panel). To demonstrate reciprocal co-
immunoprecipitation, 293T cells were transfected with a vector
expressing FLAG-ATR along with 2HA-CDC6 WT, AAA or EEE

and immunoprecipitated with anti-FLAG antibodies (Fig. 2B). 2HA-
CDC6 WT was co-precipitated specifically with FLAG-ATR.
Immunoblotting with anti-phospho-S54-CDC6 antibodies revealed
that CDC6 proteins phosphorylated by Cdk were co-precipitated.
Although FLAG-ATR was precipitated with comparable efficacy
in all experiments, the efficacy of 2HA-CDC6 AAA co-precipitation
relative to the input was decreased to one-third that of the WT and.
conversely. that of 2HA-CDC6 EEE increased threefold.

We studied this result further with a different system. 293T cells
transiently expressing 2HA-CDC6 were treated with 10 mM
purvalanol A, a specific inhibitor of Cdk1 and Cdk2 (Gray et al.,
1998; Villerbu et al. 2002), or left untreated, and then
immunoprecipitated with anti-HA antibodies. Also, in these
experiments, the steady-state levels of 2HA-CDC6 were reduced
by Cdk inhibition (Fig. 2C). Therefore, the amount of co-precipitated
ATR was normalized to that of immunoprecipitated 2HA-CDC6.
The efficiency of ATR co-precipitation was found to be reduced to
~25% by purvalanol-A treatment (Fig. 2C. lower panel). Cells were
also treated simultaneously with purvalanol A and MG132. an
inhibitor of 26S proteasomes, and immunoprecipitated with anti-
HA antibodies. Simultaneous MG132 (treatment decreased the
reduction in 2HA-CDC6 by Cdk inhibition (Fig. 2C). Even under

Fig. 2. Stimulation of CDC6-ATR interaction by Cdk
phosphorylation. (A)293T cells were transfected with
expression vectors for 2HA-CDC6 wild type (WT), the AAA
mutant (S54A, S74A, S106A). the phospho-mimic EEE mutant

(S54E, S74E, S106E) or with a control vector and then
immunoprecipitated with anti-HA antibody at 48 hours post-
transfection. The immunoprecipitates (IP) and 1% of the inputs

were immunoblotted with anti-CDC6 and anti-ATR antibodies.
The signal intensities of the bands were quantitated and the

efficiency of ATR co-immunoprecipitation (ATR co-1P) was
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calculated as the intensity of the co-precipitated ATR relative to
that of the precipitated CDC6. The mean = s.d. from three
independent experiments are given with the WT value set at
100% (lower panel). (B) 293T cells were transfected with
expression vectors for 2HA-CDC6 WT, AAA or EEE, along
with an expression vector for FLAG-ATR or a control vector and
then immunoprecipitated with anti-FLAG antibodies at 48 hours
post-transfection. The immunoprecipitates (1P) and 4% of the
inputs were immunoblotted with the indicated antibodies.
(C)2HA-CDC6 (WT) was transiently expressed in 293T cells
and immunoprecipitated 48 hours post-transfection. As
indicated, 10 uM purvalanol A, an inhibitor of Cdk1 and Cdk2,
was added to the medium, with or without 20 uM MG 132, at 3
hours before harvest. The precipitates and 1% of the inputs for
ATR or 20% of the input for 2HA-CDC6 were immunoblotted.
The efficiency of ATR co-IP was calculated as described in A
and the mean + s.d. from two independent experiments are given
with the control value set at 100% (lower panel). (D) The same
experiments as in C were carried out with 2HA-CDC6 EEE.
(E,F)HU treatment at 0.1 mM for 4 hours (E) or 2.5 mM for 16
hours (F) does not alter the CDC6-ATR interaction. 293T cells
were transfected with the vector for 2HA-CDC6 WT and then
treated with HU as above before harvest or left untreated. At 48
hours post-transfection, cells were subjected to
immunoprecipitation with anti-HA antibodies as described in A.
For the experiments shown in F, incubation with 2.5 mM HU for
16 hours arrested most cells in S phase, Ieading to CDC6
accumulation. Therefore, the amount of co-precipitated ATR was
normalized to that of immunoprecipitated 2HA-CDC6. as in A,
and the mean £ s.d. from two independent experiments are given
with the value of untreated cells set at 100% (lower panel).
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such conditions, the efficacy of ATR co-precipitation decreased to
~30% by purvalanol-A treatment (Fig. 2C). Immunoblotting with
anti-phospho-S54-CDC6 antibodies revealed that purvalanol-A
treatment indeed inhibited phosphorylation of 2HA-CDC6 by Cdk
(Fig. 2C). In addition. we found that the interaction between ATR
and 2HA-CDC6 EEE was not affected by purvalanol-A treatment
(Fig. 2D). further supporting the notion that this drug affects ATR-
CDC6 through inhibition of CDC6 phosphorylation by Cdk.
Taken together. these data led us to conclude that interaction of
ATR with CDC6 is enhanced by CDC6 phosphorylation by Cdk.
When cells are synchronized in early-mid G1 phase (6 hours after
release [rom nocodazole arrest), CDC6 protein levels are remarkably
decreased by APC/CY®-mediated ubiquitylation (data not shown)
(Méndez and Stillman, 2000; Mailand and Diffley, 2005). As a
result, in the present study. CDC6 immunoprecipitation with anti-
CDC6 antibodies was remarkably reduced and ATR co-precipitation
was undetectable in such cells (data not shown). Therefore, the
observed co-precipitation between CDC6 and ATR in asynchronous
cells might mainly represent interactions in S-phase cells. When
cells were treated with 0.1 mM hydroxyurea (HU) for 4 hours, a
condition we used to investigate CDC6 involvement in replication-
checkpoint activation (see below), co-precipitation of ATR with
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CDC6 was not enhanced (Fig. 2E). Even with 2.5 mM HU
treatment for 16 hours, the efficacy of the interaction was not
changed (Fig. 2F).

CDCE6 depletion by siRNA impairs ATR-dependent
replication-checkpoint response and the defect is rescued
by the CDC6 EEE mutant but not by CDC6 AAA

To determine whether CDC6 depletion by siRNA affects activation
of a replication checkpoint in human cells, we designed siRNAs
targeting 5" untranslated regions of CDC6 mRNA. Treatment with
the CDC6 siRNAs (6 nM) for 48 hours reduced the level of total
CDC6 proteins to ~30% in HeLa cells compared with control-
siRNA-treated cells (Fig. 3A). The effect was specific, because the
level of MCM7 was not affected. Subcellular fractionation
experiments showed that the level of chromatin-bound MCM7
proteins was decreased to ~70% by CDC6 depletion (Fig. 3A).
Fluorescence-activated cell-sorting analysis showed that the cell-
cycle distribution pattern is only slightly affected by CDC6 depletion
(Fig. 3B). Cell growth was also largely unaffected (data not shown).
Under the present experimental conditions in HeLa cells, CDC6
depletion did not induce spontaneous Chk1 phosphorylation (Fig.
3C), as reported previously (Lau et al.. 2006: Kan et al., 2008). By

Fig. 3. CDC6 depletion by siRNA impairs the ATR-
dependent replication-checkpoint response activated by
modest replication stress. HeLa cells were transfected with
siRNAs targeting 5 untranslated regions of CDC6 mRNA or
with control siRNA for 48 hours. (A) Total cell extracts (T),
Triton-X-100-extractable fractions (S). and nuclear chromatin
and nuclear-matrix fractions (P) were then prepared and
immunoblotted with anti-CDC6 or anti-MCM?7 antibodies.
The signal intensities of the chromatin-bound MCM?7 proteins
were quantified and normalized to those of total MCM?7 to
calculate the relative levels of chromatin-bound MCM?7. The
mean £ s.d. from three independent experiments are shown
with the value for control-siRNA-treated cells set at 100
(lower panel). (B)Cell-cycle profiles were also analyzed by
flow cytometry. The mean + s.d. from three independent
experiments are shown (right panel). (C)At 48 hours post-
siRNA transfection, cells were treated with 2.5 mM or 0.1 mM
HU, or left untreated, for a further 4 hours. Whole-cell lysates
were then subjected to immunoblotting. p-Chk 1, phospho-
Chk1. (D)At 48 hours post-siRNA transfection, cells were
treated with 2.5 mM or 0.1 mM HU, or left untreated, for a
further 4 hours. Cells were then fixed and immunostained with
anti-phospho-histone-H3 (pHH3) antibody followed by DAPI
staining. The percentage of pHH3-positive cells was
determined by microscopic observation of at least 3000 cells
for each sample. The mean + s.d. of five independent
experiments are shown with control-siRNA-treated cells
without HU set at 100%. (E) At 48 hours post-siRNA
transfection, cells were treated with 0.1 mM HU for the times
indicated. The percentage of pHH3-positive cells was then
determined as in D. The mean + s.d. of three independent
experiments are shown with control-siRNA-treated cells at
time O set at 100%. (F) At 48 hours after transfection with
control siRNA, cells were incubated with 2.5 mM or 0.1 mM
HU, or left untreated, for a further 4 hours. During the last

10 hours of incubation (i.e. from 6 hours before HU addition),
5 mM caffeine was also added, as indicated. The percentage of
pHH3-positive cells was then determined as in D. The mean £
s.d. from four independent experiments are given with the
value for control cells without drugs set at 100%.
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contrast, it was reported that, when CDC6 is further depleted with
more siRNAs (~100 nM), MCM loading is further reduced, leading
to cell-cycle arrest around G 1-S and/or cell death (Feng et al., 2003:
Lau et al.. 2009). Under such conditions, spontaneous Chkl
phosphorylation is observed.

We then investigated whether CDC6 depletion impairs ATR-
mediated Chk1 phosphorylation induced by replication stress, such
as polymerase inhibition. For these studies, CDC6-depleted or
control-siRNA-treated HeLa cells were further treated with 2.5 mM
HU for 4 hours and Chk 1 phosphorylation was monitored with anti-
phospho-S345-Chk1 antibodies (Zhao and Piwnica-Worms, 2001).
As shown in Fig. 3C, robust phosphorylation of Chk1 was induced
by 2.5 mM HU treatment and was not affected by CDC6 depletion.
in agreement with previous findings that CDC6 depletion does not
abolish Chkl phosphorylation induced by treatment with 5 pg
aphidicolin/ml in HeLa cells (Lau et al., 2006). Given the report
that Chk1 phosphorylation induced by 1.5 mM HU treatment in
HeLa cells is suppressed by 5 mM caffeine (Rodriguez-Bravo et
al., 2006), an inhibitor for ATM and ATR, the above data and that
of Lau et al. (Lau et al.. 2006) suggest that CDC6 does not play a
pivotal role in ATR activation by the stalled forks generated by 2.5
mM HU or 5 g aphidicolin/ml.

However, Lau at el. also reported that CDC6-depleted HeLa cells
(not treated with any drugs) prematurely enter mitosis despite the
existence of actively replicating DNA (Lau et al., 2006). This
suggested to us that CDC6 might be involved in replication-
checkpoint activation elicited by modest replication stress. Extensive
RPA-coated ssDNA is currently considered to be a crucial
intermediate for ATR activation (Burrows and Elledge. 2008;
Namiki and Zou, 2006: Zou and Elledge, 2003). We hypothesized
that, although CDC6 is not necessarily required for activation of a
replication checkpoint when there is sufficient RPA-coated ssDNAs,
CDC6 might be required when replication stress is relatively modest.
Therefore, because one crucial response elicited by replication-
checkpoint activation involves a mitotic block (Kelly and Brown,
2000). we treated control-siRNA-transfected HeLa cells with
various concentrations of HU for a relatively short period (i.c. 4
hours) and examined the effect of this on mitosis block by
immunostaining the cells for phosphorylation of histone H3 at S10,
a mitotic marker (data not shown). As expected. 2.5 mM HU
treatment reduced the mitotic index to ~40% of that of untreated
cells. Interestingly. we found that, even with 0.1 mM HU treatment,
which reduces DNA synthesis by about 50% (Ge et al.. 2007). HeLa
cells were significantly inhibited in mitotic entry to a mitotic index
of ~60%. suggesting that the replication checkpoint might be
activated by low-dose HU treatment. We then tested whether CDC6
depletion affects the mitosis block. Although CDC6 depletion
seemed to abrogate the mitotic block, at least partially, at all the
HU concentrations tested, the effect was most prominent when cells
were treated with 0.1 mM HU (data not shown). Therefore, we
examined in more depth the influence of CDC6 depletion on mitotic
block elicited by a 4-hour 0.1 mM HU treatment. As shown in Fig.
3D. CDC6 depletion increased the percentage of phospho-histone
H3 (pHH3)-positive, mitotic cells by ~30% in cells treated with 0.1
mM HU, whereas it increased mitotic cells by only ~15% on
treatment with 2.5 mM HU, suggesting that CDC6 plays a crucial
role in replication-checkpoint activation by modest replication stress.
Furthermore, we examined the effect of CDC6 depletion on mitotic
block induced by 0.1 mM HU treatments at various time points
(Fig. 3E). Longer incubation (8 and 12 hours) in the presence of
0.1 mM HU further decreased the amount of mitotic cells. Also

under such conditions, CDC6 depletion resulted in a statistically
significant increase in mitotic cells (Fig. 3E). However, the extent
seemed to be limited compared with the 4-hour incubation.

Although the ATR-Chkl pathway is a major component in
replication-checkpoint activation (Guo et al.. 2000: Hekmat-Nejad
et al., 2000; Kumagai et al., 1998; Nghiem et al.. 2001), several
previous studies have indicated the existence of another pathway(s)
to prevent premature mitotic entry upon replication stress (Brown
and Baltimore, 2003; Rodriguez-Bravo et al.. 2006; Zachos et al.,
2003; Zachos et al., 2005). For example. it was previously shown
that inhibition of mitotic entry in HeLa cells caused by 1.5 mM
HU treatment for 25 hours is dependent on Chk1 and claspin but
not on ATR and Rad17 (Rodriguez-Bravo ct al., 2006). Therefore.
we examined whether the replication-checkpoint response elicited
by 0.1 mM (or 2.5 mM) HU for 4 hours depends on ATR by co-
treating cells with HU and 5 mM caffeine. In order to compare the
effect of caffeine with CDC6 depletion that occurs before the HU
treatment (data not shown), we treated cells with 5 mM caffeine
from 6 hours before the addition of HU. Caffeine was able to
overcome the inhibition of mitotic entry induced by 0.1 mM HU
(Fig. 3F), suggesting that activation of the replication checkpoint
elicited by these experimental conditions depends on ATR (or
possibly ATM). We found no detectable increase in Chkl
phosphorylation at S345 upon treatment with 0.1 mM HU for 4
hours (Fig. 3C). Therefore, even by modest replication stress in
which Chk1 phosphorylation is not increased to an experimentally
detectable level, an ATR-dependent replication checkpoint is
activated and elicits a G2 arrest. This seems consistent with the fact
that, in Xenopus egg extracts, ATR is required to prevent premature
mitotic entry not only when replication is inhibited by exogenous
stress but also during normal DNA replication, which might
generate some internal replication stress (Hekmat-Nejad et al..
2000). Caffeine increased mitotic cells by ~40% also with 2.5 mM
HU treatment (Fig. 3F) and the extent of recovery was higher than
with CDC6 depletion (Fig. 3D), suggesting that CDC6 has rather
a minor role in replication-checkpoint activation by strong
replication stress.

To determine whether the abrogation of the checkpoint response
is specifically due to the CDC6 depletion, we performed ‘add-back’
experiments. Because CDC6 interaction with ATR is enhanced by
Cdk phosphorylation, we compared CDC6 EEE and CDC6 AAA.
We established HeL.a cell lines stably expressing 2HA-CDC6 AAA
or EEE at similar levels (Fig. 4A). Analysis for subcellular
localization of 2HA-CDCé showed that almost all CDC6 AAA is
bound to the chromatin and nuclear matrix, whereas most CDC6
EEE is in the soluble fraction with the rest bound to the chromatin
and nuclear matrix (Sugimoto et al., 2009). These cells were then
transfected with siRNAs targeting 5’ untranslated regions of CDC6
mRNA, or control siRNA. Immunoblot analysis showed that
exogenous 2HA-CDC6 protein levels were not aftected by CDC6
siRNA. whereas endogenous CDC6 decreased to ~30% (Fig. 4A).

Cells were further treated with 0.1 mM HU for 4 hours and
mitotic indexes were determined. It has been reported that ionizing-
radiation-induced DSBs activate the DNA-damage checkpoint, lead
to Cdk downregulation and consequently induce APC/CC"!-
mediated CDC6é degradation (Duursma and Agami. 2005: Mailand
and Diftley, 2005). CDC6 is also destabilized upon ultraviolet
radiation (UV) and methyl-methane-sulfonate treatment through
Huwel-mediated ubiquitylation (Hall et al., 2007). We therefore
examined the effects of HU treatment on CDC6 stability. The levels
of endogenous CDC6 proteins in HeL.a cells were not affected by
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Fig. 4. The Cdk-phosphorylation-mimic CDC6 EEE mutant, but not the
phospho-deficient AAA mutant, can rescue the defect in the replication-
checkpoint response caused by CDC6 depletion. Hela cells stably
expressing the 2HA-CDC6 AAA or EEE mutant, or carrying a backbone
vector, were established by retroviral infection. These cells were transfected
with siRNAs targeting 5’ untranslated regions of CDC6 mRNA or control
siRNA for 48 hours, as described for Fig. 3. At 48 hours post-siRNA-
transfection. cells were treated with 0.1 mM HU or left untreated for a further
4 hours. (A) Whole-cell lysates were immunoblotted. The signal intensities of
the endogenous CDC6 bands were quantified and normalized to those of
MCM7 to calculate CDC6 depletion efficiencies in each experiment. The
mean # s.d. from five independent experiments are shown with the value for
control-siRNA-treated cells set at 100 (lower panel). (B)Cells were stained for
pHH3 to determine the percentage of pHH3-positive cells, as described for
Fig. 3. The mean + s.d. of five independent experiments are shown with
control-siRNA-treated cells without HU set at 100%.

cither 0.1 mM or 2.5 mM HU treatment for 4 hours (Fig. 3C, Fig.
4A). Furthermore, the stability of transfected CDC6 AAA and CDC6
EEE mutant proteins was not differentially affected in response to
0.1 mM HU treatment for 4 hours (Fig. 4A). We also found that
CDC6 is not destabilized by an 18-hour 2.5 mM HU treatment in
normal human fibroblasts (data not shown). As reported, 10 or 25
J/m* UV irradiation resulted in CDC6 destabilization (data not
shown). Therefore, replication-checkpoint activation by HU
treatment might inhibit Cdk activity only to the extent that is
insufficient for mitotic entry but enough for S-phase maintenance.
It is generally considered that mitotic entry requires high Cdk
activity.

In control HeLa cells with the backbone vector, CDC6 depletion
abrogated the checkpoint response induced by 0.1 mM HU (Fig.
4B), as with parental HeLa cells. By contrast, despite CDC6 siRNA
treatment. mitotic entry was inhibited in HeLa cells with 2HA-
CDCe EEE (Fig. 4B), clearly demonstrating the CDC6 requirement

for the ATR-dependent mitotic-block response. Interestingly, CDC6
AAA could not rescue the checkpoint defect (Fig. 4B). It was
previously shown that Xernopus CDC6 mutants deficient in Cdk
phosphorylation support normal replication with an efficiency
comparable to that of wild type (Pelizon et al.. 2000). We also found
that 2HA-CDC6 AAA induces stronger re-replication than CDC6
EEE when transiently overexpressed with Cdtl (Sugimoto et al.,
2009). Therefore, CDC6 AAA might represent a novel mutant that
specifically loses the ability to regulate ATR-dependent replication-
checkpoint activation but retains the pre-RC-formation function.
Taken together. these data strongly indicate that, in human cells,
Cdk-phosphorylation-stimulated CDC6 interaction with ATR has
a crucial role in replication-checkpoint activation elicited by modest
replication stress.

The ATR-dependent checkpoint is also activated by UV
irradiation. Thus, we tried to evaluate the role of CDC6 in UV-
induced checkpoint activation. Hel.a cells were irradiated with
various doses of UV and, after 4 hours. examined for mitotic block
and Chk1 phosphorylation. UV irradiation blocked mitotic entry in
a dose-dependent manner, and Chk1l phosphorylation was also
observed in a dose-dependent manner (data not shown). We then
investigated the effects of CDC6 depletion on such UV-activated
checkpoint responses. In contrast to HU treatment. CDC6-depleted
Hel.a cells were inhibited from mitotic entry in response to UV
irradiation with comparable efficiency to control-siRNA-treated
cells. Likewise, Chk1 phosphorylation was not affected by CDC6
depletion (data not shown). These data suggest that CDC6 might
not be involved in UV-induced checkpoint responses. It is possible
that intermediates for checkpoint activation and subsequent
signaling pathways are different in some aspects between
nucleotide-depletion-induced and UV-induced damage. For
example, although 25 J/m? UV induced Chk1 phosphorylation at
a comparable level to that by 2.5 mM HU treatment for 4 hours,
the former inhibited mitotic entry more strongly (~100% versus
~60% inhibition) and destabilized CDC6 (data not shown). Whereas
0.1 mM HU treatment for 4 hours induced an ~40% mitotic block
without detectable Chk1 phosphorylation (Fig. 3C-F), 5 J/m? UV
inhibited mitosis by only ~20% despite obvious Chkl
phosphorylation (data not shown). Further in-depth studies will be
required to dissect the molecular mechanisms.

Although our data indicate that CDC6-ATR interaction plays a
role in the appropriate regulation of replication-checkpoint activation
in human cells, it remains unclear how such interaction is involved
in ATR activation. To address this issue, we first examined the
possibility that CDC6 enhances ATR kinase activity as does
TopBP1. Human ATR was immunopurified and the kinase activity
was measured using PHASI as substrate. As previously reported
(Hashimoto et al., 2006; Kumagai et al., 2006), addition of Xenopus
Cut5 (XCut5: TopBP1) significantly increased the ATR kinase
activity. Under these experimental conditions, GST-CDC6 EEE did
not enhance the kinase activity. Addition of GST-CDC6 EEE to the
reactions containing XCut5 also did not further increase the activity.
Similar results were obtained with wild-type CDC6 (data not
shown).

In fission yeast, Cdc18 stabilizes Rad3-Rad26 (ATR-ATRIP)-
chromatin binding through physical interaction with Rad26
(Hermand and Nurse, 2007). Therefore, we examined whether
stable ATR-chromatin binding is affected by CDC6 depletion in
HeLa cells by immunodetecting the formation of bright nuclear
ATR foci that might represent high-level accumulation of ATR at
sites of DNA damage (Ball et al., 2005). The number of cells with
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bright ATR foci increased slightly with 0.1 mM HU treatment for
4 hours and increased significantly with 2.5 mM HU treatment.
However. the increase in number of ATR foci was not changed
much by CDC6 depletion, suggesting that CDC6 is dispensable
for stable high-level accumulation of ATR at sites at which DNA
is extensively damaged. Also, clear colocalization of ATR foci with
CDC6 was not observed (data not shown). Recently, it has been
suggested that stable high-level retention of ATR at damaged sites
is not necessarily required for some checkpoint responses (Ball et
al., 2005). Therefore, it is possible that. although CDC6-ATR
interaction does not mediate stable ATR retention at damaged sites,
it does regulate dynamic association between ATR and small
lesions. In this regard, it might be of interest that the human RPA
complex binds to GST-CDC6 in pulldown assays, through the
CDC6 region 1-180. which does not have a major role in CDC6-
ATR interaction (data not shown).

XCDC6-XATR interaction is conserved in Xenopus and a
human CDC6 fragment 180-220 that binds to XATR
reduces XChk1 activation

In an in vitro DNA-replication system with Xenopus egg extracts,
XCDC6 is required for XChkl phosphorylation induced by
polymerase inhibition (Oehlmann et al., 2004). Therefore, because
XCDC6-XATR interaction might be conserved and play a crucial
role in replication-checkpoint activation in Xenopus cells, we
examined whether XCDC6 binds to XATR by pulldown assays.
Xenopus egg extracts were mixed with GST or GST-XCDC6 and
bound proteins were analyzed. XATR was found to bind to GST-
XCDC6, but not to GST (Fig. 5A). In addition, XATR was found
to co-immunoprecipitate with XCDC6 from egg extracts (Fig. 5B).
Unfortunately, so far we could not determine whether the XCDC6-
XATR interaction is affected by Cdk, mainly because of difficulty
in specifically immunoprecipitating S-phase chromatin-bound
XCDC6 with our anti-XCDC6 antibodies. Because CDC6-ATR

ceB

Fig. 5. CDC6-ATR interaction is conserved in Xenopus egg extracts.
(A)GST-Xenopus-CDC6 (XCDC6) or GST was incubated with Xenopus egg
extracts and bound proteins were analyzed by Coomassie Brilliant Blue (CBB)
staining and immunoblotting with anti-XATR antibody. Fifty percent of the
input was also loaded. (B)Xenopus egg extracts were immunoprecipitated with
anti-XCDC6 antibodies or control rabbit IgG. The immunoprecipitates (1P)
were subjected to immunoblotting with anti-XCDC6 and anti-XATR
antibodies. A total of 1.6% of the input was also analyzed. (C) GST-human-
CDC6 (WT; wild type). its truncated mutants (amino acids 1-180 and 180-220;
see also Fig. 1) or GST was incubated with the egg extracts and bound proteins
were analvzed by CBB staining and immunoblotting.

interaction might be important for checkpoint activation, short
CDC6 fragments that bind to XATR could inhibit XATR-
dependent checkpoint responses by preventing physiological
XCDC6-XATR interaction. Therefore, we repeated the pull-down
experiments using Xenopus egg extracts and human CDC6
fragments fused to GST. As shown in Fig. 5C. XATR specifically
bound to GST-human-CDC6. More importantly, XATR, similar
to human ATR, bound to human CDC6 180-220 but not to CDC6
1-180 (Fig. 5C). The amino acid sequence of fragment 180-220
is conserved in XCDC6 (61% in identity). Taken together. these
results indicate that CDC6-ATR interaction is a conserved feature
in higher eukaryotic cells.

We first examined whether XCDC6 immunodepletion during S
phase affects XATR recruitment onto chromatin in response to
polymerase inhibition (Hekmat-Nejad et al., 2000). To address this,
we adapted the nuclear transfer experiments (Fig. 6A). Licensed
chromatin was isolated under high-salt conditions to remove
chromatin-bound XCDC6 and then transferred to mock- or XCDC6-
depleted extracts supplemented with aphidicolin to block DNA
polymerases. After incubation for a further 45 minutes. chromatin
was isolated and chromatin binding of XATR was analyzed by
immunoblotting. Aphidicolin-induced recruitment of ATR to
chromatin was significantly compromised by XCDC6 depletion
(Fig. 6A). As previously reported (Oehlmann et al., 2004), DNA
synthesis was not impaired by XCDCé depletion from the second
extracts (data not shown).

We found that the human CDC6 fragment 180-220 can partially
prevent XATR binding to GST-XCDC6 when added to the egg
extracts (Fig. 6B). Therefore. we tested whether this human CDC6
fragment can inhibit replication-checkpoint activation (Fig. 6C). For
these studies, sperm chromatin was added to the egg extracts, which
were then incubated for 15 minutes to allow pre-RC formation.
Purified CDC6 fragment 180-220 with the SV40 T-antigen nuclear
localization signal was then added to the reaction mixture at 10
ng/pl. The molar amount of CDC6 fragment was adjusted to 20-
30 times higher than that of endogenous XCDC6 (Coleman et al..
1996). Aphidicolin (4 wg/ml) was also added to each reaction
mixture and, after 45 minutes, isolated nuclei were immunoblotted
with anti-phospho-S344-XChk1 antibody. Compared with control
reactions with buffer alone or CDC6 fragment 1-180, which does
not bind to XATR, phosphorylation of XChkl induced by
aphidicolin treatment was reduced by ~40% (Fig. 6D). We also
investigated whether addition of CDC6 180-220 affects aphidicolin-
induced recruitment of XATR to chromatin by immunoblotting
analyses of chromatin fractions. Consistent with the reduction in
XChkl phosphorylation, aphidicolin-induced XATR chromatin
recruitment was reduced by ~40% in the presence of CDC6
fragment 180-220 (Fig. 6E). In separate experiments. [**P]-dCTP
was added and the reactions were allowed to proceed for a further
45 minutes (without aphidicolin) after addition of the CDC6
fragments to monitor DNA replication. In all these reactions. DNA
replication occurred at comparable levels (Fig. 6F). showing that
the addition of CDC6 180-220 did not impair either pre-RC
assembly or other replication reactions. Thus, human CDC6
fragment 180-220 specifically inhibits XATR-dependent XChk1
phosphorylation, probably through sequestrating XATR-XCDC6
interaction and XATR chromatin retention. Taken together. these
data provide further support for our conclusion that CDC6 interacts
with ATR and the CDC6-ATR interaction plays a crucial role in
the regulation of replication-checkpoint activation in higher
eukaryotic cells.
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Fig. 6. CDC6-ATR interaction plays a role in activation of the replication checkpoint in Xenopus egg extracts. (A) XCDC6 immunodepletion during S phase
reduces aphidicolin-induced XATR-chromatin binding. A schematic illustration of the experimental procedure is shown above. Sperm nuclei (4000/ul) were
incubated in egg extracts for 15 minutes. Chromatin was then isolated under high-salt conditions and resuspended with mock- or XCDC6-depleted extracts. After a
further 45-minute incubation, chromatin fractions were isolated and immunoblotted with the indicated antibodies. As indicated, aphidicolin (4 yg/ml) was added to
the second extracts. The signal intensities of XATR bands induced by aphidicolin were normalized to those of XORC2 bands and plotted with the control reaction
with mock-depleted extracts set at 100%. The mean + s.d. [rom three independent experiments are shown. (B-F) Addition of human CDC6 amino acid fragment
180-220 after pre-RC assembly reduces XChk! phosphorylation. (B)Human CDC6 fragments 180-220 or 1-180 with the SV40 T-antigen nuclear localization
signal (but without GST) or buffer alone were added to Xenopus egg extracts. After incubation for 1.5 hours, these were then subjected to pulldown assays with
GST-XCDC6, and bound proteins were analyzed by Coomassie Brilliant Blue (CBB) staining and immunoblotting. The signal intensities of the bands were
quantitated and the efficiency of XATR binding to GST-XCDC6 was calculated as the intensity of the bound XATR relative to that of the pull-downed GST-
XCDC6. The mean + s.d. from three independent experiments are given with the control reaction with bufYer alone set at 100% (lower panel). (C)Schematic of the
experimental procedure for D, E and F. Sperm nuclei (2000/u1) were incubated in the egg extracts. After 15 minutes, human CDC6 fragments 180-220 or 1-180
with the SV40 T-antigen nuclear localization signal or buffer alone were added. (D,E)As indicated, aphidicolin (4 ug/ml) was also added to the reactions and, after
a further 45-minute incubation, isolated nuclei (D) or chromatin (E) were immunoblotted with the indicated antibodies. The signal intensities of the phospho-
Ser344 XChk1 (D) or XATR (E) bands induced by aphidicolin were quantified and normalized to those of whole XChk1 bands and XORC2 bands, respectively.
The mean = s.d. from three independent experiments are shown with the value for the control reaction with buffer alone set at 100% (each lower panel). (F)[*2P}-
dCTP was added and, after a further 45-minute incubation, DNA replication was measured by [*?P] incorporation. The mean + 5.d. from three independent
experiments are shown with the control reaction with buffer alone set at 100%.
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Discussion

We have shown here that human CDC6 physically interacts with
ATR in a Cdk-phosphorylation-stimulated manner (Figs 1, 2) and
that CDC6 is required for the ATR-dependent replication-checkpoint
response (i.e. inhibition of premature mitotic entry) activated by
modest replication stress (Fig. 3). Interestingly, the defect in the
checkpoint response caused by CDC6 depletion was rescued by the
CDC6 EEE mutant mimicking Cdk phosphorylation. but not by the
AAA mutant deficient in Cdk phosphorylation and ATR interaction
(Fig. 4). Therefore, the CDC6 AAA mutant represents a mutant in
which two functions of CDC6. replication licensing and replication-
checkpoint regulation, are separated at the molecular level. In fission
yeast. such mutant Cdc18 (CDC6) has not been identified yet. The
region that we identified as an ATR-binding region on CDC6 does
not include Cdk-phosphorylation sites (Fig. 1C). CDC6 is exported
to the cytoplasm through Cdk phosphorylation but potential nuclear
export signals on CDC6 are located at amino acids 462-488
(Delmolino et al., 2001), relatively distant from the Cdk-
phosphorylation sites. However, it is conceivable that Cdk
phosphorylation alters the high-order structure of CDC6 and thereby
exposes the hidden nuclear export signals and ATR-binding region.
In addition. the data reported here indicate that regulation of
replication-checkpoint activation by CDC6-ATR interaction also
occurs in Xenopus egg extracts: the XCDC6-XATR interaction was
conserved (Fig. 5), and sequestration of the interaction by a human
CDCo6-derived peptide that binds to XATR reduced XATR
chromatin recruitment and XChk1 phosphorylation induced by
polymerase inhibition (Fig. 6).

These data, together with previously reported data in fission yeast
(Hermand and Nurse, 2007), indicate that regulation of ATR-
dependent replication-checkpoint activation through interaction
between CDC6/CDC18 and ATR-ATRIP might be a conserved
feature throughout eukaryotes. However, there are also differences
among organisms. In the human cells studied here, this mechanism
seems to play a crucial role for the replication checkpoint to be
activated by modest replication stress, such as that elicited by 0.1
mM HU treatment (Fig. 3D,E, Fig. 4B), which reduces DNA
synthesis by about half (Ge et al., 2007). Because CDC6 depletion
alone (without additional replication perturbations) results in cells
that prematurely enter mitosis with active DNA synthesis (Lau et
al., 2006). the CDC6-ATR system might also operate against internal
replication stress generated during the normal replication process.
However, CDC6 in human cells seems dispensable for robust. ATR-
dependent Chk1 phosphorylation induced by stronger replication
stress, such as that induced by 2.5 mM HU treatment (Fig. 3C)
(Lau et al., 2006). In addition, CDC6 is not required for ATR to
accumulate at high levels in bright nuclear foci. CDC6 depletion
somewhat affects ATR-dependent mitotic block activated by strong
replication stress (i.e. 2.5 mM HU for 4 hours) but the relative
contribution seems small (Fig. 3D,F).

A model that could reconcile these findings is depicted in Fig.
7. When replication stress is strong and, therefore. extensive RPA-
coated ssDNA is generated, ATR-ATRIP molecules accumulate to
high levels at the damaged sites through ATRIP-RPA interaction
without the help of CDC6, forming bright ATR foci detectable by
immunostaining, and robustly phosphorylate Chkl (Fig. 7, left
pathway). However, such high-level stable accumulation at damaged
sites might be dispensable for ATR to be activated (Ball et al.. 2005,
Kim et al.. 2005), although ATR foci formation could support some
specific aspects of checkpoint responses. In other words, it is
possible that only dynamic interaction between ATR and lesions is

Modest ssDNA
Cdc6 is required for efficient ATR activation

Extensive ssDNA causing bright ATR foci
Cdc6 i disp ivati

ble for ATR activati

Fig. 7. Model for the role of human CDCG6 in replication-checkpoint
activation.

sufficient for ATR activation. In addition, in the presence of such
extensive damage, another replication-checkpoint pathway(s)
involving Chkl, but not ATR, could also be activated, leading to
an ATR-independent (and thus cafteine-insensitive) block to mitosis
(Rodriguez-Bravo et al., 2006). The p38 MAP kinase might be
involved in such a pathway (Bulavin et al., 2001). Overall, CDC6
might have a minor role in checkpoint activation under such
conditions.

However, even when cells are exposed to modest replication
stress, ATR can be activated and delay mitotic entry despite low-
level ATR foci formation and Chk1 phosphorylation (Fig. 3C.D).
It is surprising that such low-level ATR activation can delay the
cell cycle but, as in the Xenopus egg extract system, ATR is required
to prevent premature mitotic entry not only when replication is
inhibited by exogenous stress but also during normal DNA
replication (Hekmat-Nejad et al., 2000). Presumably, fine regulatory
control of the ATR-Chkl pathway might function when cells
encounter modest exogenous replication stress or endogenous
replication stress. Under such circumstances, CDC6 and CDCé-
ATR interaction might be required for ATR to elicit a mitotic block
efficiently (Fig. 3D.E, Fig. 4B), presumably through regulating
dynamic interaction between ATR and the damaged sites (Fig. 7.
right pathway). Potential CDC6-RPA interactions could also play
a role in this context. Extensive future studies will be required to
clarify these points. Our present analyses of UV-damage-induced
checkpoint responses found no indication of CDC6 involvement in
these pathways. Although the details remain unclear, intermediates
for checkpoint activation and subsequent signaling pathways might
differ in some aspects between nucleotide-depletion-induced and
UV-induced damage, as discussed above.

In contrast to human cells, in the Xenopus egg extract system.,
robust ATR-dependent Chk1 phosphorylation induced by 40 pM
aphidicolin treatment seems dependent on XCDC6 (Oehlmann et
al., 2004) and, as shown here. might be regulated by XCDC6-XATR
interaction (Figs 5, 6). ATR chromatin recruitment induced by
polymerase inhibition also depends on CDC6-ATR interaction in
the Xenopus egg system (Fig. 6). The reason for the difference
between the two systems, human cultured cells and Xenopus egg
extracts, is not known at present. However, it should be emphasized
that, even in the egg extract system, ORC-dependent, stable
chromatin binding of XCDC6 is dispensable for XATR activation
(Oehlmann et al., 2004), suggesting that the interactions between
XCDC6 and the replication-checkpoint machinery are dynamic.
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There is also a difterence between human and fission yeast cells
in terms of the CDC6-associated replication checkpoint. In yeast
cells, Cdel18 (CDC6) is degraded during S phase depending on Cdk
phosphorylation (Jallepalli et al., 1997; Jallepalli et al., 1998).
Therefore, Cdc18 could not be involved in initial activation of the
Rad3 (ATR)-dependent checkpoint. Attenuation of Cdk activity by
the initial checkpoint activation then re-stabilizes Cdc18, which in
turn interacts with Rad3-Rad26 (ATR-ATRIP) to sustain checkpoint
activation (Hermand and Nurse, 2007). Therefore, these molecules
seem to constitute a positive-feedback loop. However, in human
cells, a significant part of CDC6 phosphorylated by Cdk remains
in nuclei during S phase (Fujita et al., 1999) and CDC6 interaction
with ATR is augmented by Cdk phosphorylation, as shown here
(Fig. 2). Therefore, CDC6 might be involved in initial activation
of an ATR-dependent checkpoint. When cells were treated with 0.1
mM HU for 4 hours, a condition under which we could definitely
detect CDC6 involvement in replication-checkpoint activation, Cdk-
phosphorylation-dependent CDC6 stabilization was not perturbed
(Fig. 3C, Fig. 4A) and interaction of CDC6 with ATR was not
affected (Fig. 2E). Therefore, ATR- and CDC6-dependent
replication-checkpoint activation by modest replication stress might
inhibit Cdk activity only to the extent that is insufficient for mitotic
entry but enough for maintaining S-phase activity. If strong damage
activates the replication checkpoint robustly and consequently
inhibits Cdk activity markedly, then ATR-CDCS6 interaction could
be attenuated. However, under such conditions, CDC6 might be
dispensable for checkpoint activation.

Materials and Methods

Cells

HeLa and 293T cells were grown in Dulbecco’s modified Eagle’s medium with 8%
fetal calf serum. The chemicals used were: MG132 (Calbiochem), purvalanol A
(Calbiochem), hydroxyurea (Sigma), caffeine (Nacalai) and aphidicolin (Sigma).

Expression of recombinant proteins and pulldown assay

GST-fusion proteins were bacterially produced and purified. GST pulldown assays
were performed as described previously (Sugimoto et al., 2008), with 200 g GST-
fusion proteins per 2 ml extract from 1x 10% cells. For pulldown assays with Xenopus
egy extracts, 20 pl extracts were 40-fold diluted and then 6 g GST-fusion proteins
were added to the samples. Binding reactions for GST-fusion proteins were performed
for 5 hours at 4°C. Human CDC6 fragments added to the Xenopus egg extracts were
purified from the GST-fusion proteins by digestion with PreScission Protease (GE
Healthcare).

Transfection and infection

293T cells were transfected as described previously (Sugimoto et al., 2008). HeLa
cells were infected with retroviruses expressing the 2HA-CDC6 AAA mutant or EEFE
mutant, or with control retroviruses and selected with puromycin (0.5 wg/ml) as
described (Sugimoto et al.. 2008).

Immunoprecipitation and immunoblotting

Cells were extracted with modified CSK buffer comaining 500 mM NaCl, 0.1% Triton
X-100, 1 mM dithiothreitol (DTT) and multiple protease inhibitors (Sugimoto et al.,
2008). Aliquots of the extracts were then immunoprecipitated with the indicated
antibodies and protein-G-Sepharose beads (Amersham Bioscience). The beads were
washed three times with NET gel buffer (Sugimoto et al., 2008). Immunoblotting
and quantitation of the band signals were performed as described previously
(Sugimoto et al., 2008).

siRNA experiments

siRNA oligonucleotides (IDT) were synthesized with the following sequences (sense
strand). CDC6-1 (5'-AGACUAUAACUCUACAGAUUGUGAAdA-3'). CDC6-3
(5’-GGAGGACACUGGUUAAAGAAUUUJAAT-3") and control scrambled (5'-
CUUCCUCUCUUUCUCUCCCUUGUAGAA-3"). HeLa cells (4% 10" cells per well
in 12-well plates) were transfected with a 1:1 mixture of CDC6-1 and CDC6-3 or
control siRNA duplexes (total 12 pmol: 6 nM) using HiPerFect transfection Reagent
(Qiagen).

Immunostaining for phospho-histone H3
Hel.a cells were washed, fixed with 3.7% formaldehyde, extracted with modified
CSK buffer containing 0.1% Triton X-100, and then incubated overnight at 4°C with

mouse anti-Ser|0-phosphorylated histone H3 antibody. The samples were further
incubated for 2 hours with Alexa-Fluor-594-conjugated goat anti-mouse IgG antibody
(Molecular Probes), counterstained with DAPT and analyzed with a Leica FW4000
microscope.

Experiments with Xenopus egg extracts

Preparation of interphase egg extracts and de-membranated sperm nuclei, and the in
vitro DNA-replication experiments were performed as described previously (Yoshida
etal., 2005). Chromatin transfer experiments were performed as described previously
(Hashimoto et al., 2006). Briefly, licensed sperm chromatin obtained after 15 minutes
pre-incubation were diluted with ten volumes of EB buffer containing 0.1 mM NaCl
and 2 mM DTT (Yoshida et al., 2005) and then centrifuged through a 20% sucrose
layer at 10,000 g at 4°C for 5 minutes. The pellets were washed with EB containing
2 mM DTT and resuspended in second egg extracts. Immunodepletion of XCDC6
was carried out using 75 pl of anti-XCDC6 antisera for 100 .l egg extract ( Yoshida
etal., 2005). Nuclear and chromatin fractions were prepared as described previously
(Kumagai et al., 1998; Yoshida et al., 2005). For immunoprecipitation, extracts were
diluted with EB and then immunoprecipitated with the indicated antibodies and
protein-G-Dynabeads (Invitrogen). The beads were washed three times with EB buffer
containing 130 mM KCl.

Plasmids

For bacterial expression of GST-CDC6, pGEX6P-1-CDC6 was constructed by
inserting human C'DC6 ¢DNA into pGEX6P-1 (GE Healthcare). (/)6 truncated
fragments were amplified by PCR using combinations of the following primers:
5'-1 primer, 5'-CGGGATCCGCTGTCGTCATGCCTCAAACCCG-3'; 5'-89 primer,
5'-CGGGATCCCATACACTTAAGGGACGAAGATTGG-3"; 5'-180 primer, 5'-
CGGGATCCGATGTCATCAGGAATTTCTTGAGGG-3"; 3'-180 primer. 5'-TTA-
AGCGGCCGCCTAATCCATCTCCCTTTCCCTGGC-3"; 3'-220 primer, 5'-TTAA-
GCGGCCGCCTACTTGAGGTCTTGCAGAATCCG-3"; and 3'-268 primer, 5'-
TTAAGCGGCCGCCTATTCCAATTTCCTCATCATGTCCTTC-3". These PCR
products were digested by BamHI and Norl and subcloned into pGEX6P-1. For
construction of fused SV40 T-antigen nuclear localization signal (NLS)-CDC6
fragments, an oligonucleotide containing the S V40 T-antigen NLS/BumHI site/ Hindl11
site sequence (5'-GATCGCCTAAAAAGAAGCGTAAAGTCGGATCCAAGCTTG-
3') and its complementary oligonucleotide were synthesized, annealed, inserted into
the pGEX6P-1 BamHI-£coRl1 site, and CDC6 fragments were then introduced into
the BamHI-Notl site. pGEX6P-2-XCDC6 was provided by Haruhiko Takisawa (Osaka
University, Osaka, Japan). Retrovirus vector pQCXIP-2HA-CDC6 was constructed
by inserting ('DC6 ¢cDNA tagged with tandem HA at its N-terminus into pQCXIP
with a puromycin-resistance gene (Clontech). The ¢DNAs encoding Cdk-
phosphorylation-deficient CDC6 AAA (Ser34, Ser74 and Ser106 were replaced with
alanines) and phosphorylation-mimic EEE (Ser54, Ser74 and Ser106 were replaced
with glutamates) mutants were gifis from Wei Jiang (Burnham Institute for Medical
Research, La Jolla, CA). pBJ5.1-FLAG-ATR (Cliby et al., 1998) was kindly provided
by Karlene Cimprich (Stanford University, Palo Alto, CA).

Antibodies

Preparation of antibodies against human CDC6, human MCM7, Xenopus ATR and
Xenopus Chk1 were described previously (Hashimoto et al., 2006; Sugimoto et al.,
2008). Antibodies against human Rad9, Hus1 and Radl were provided by Toshiki
Tsurimoto (Kyushu University, Fukuoka, Japan). Other antibodies were purchased
as follows: ATM (2C1, GeneTex), ATR (sc1887, Santa Cruz Biotechnology), ATRIP
(number 2737, Cell Signaling), Cdh1 (c7855, Sigma). Chk1 (06-965, Upstate), Chk2
(05-649, Upstate), Claspin (ab3720, Abcam), cyclin A (sc596. Santa Cruz
Biotechnology), Mre 11 (611366, BD Bioscience), FLAG-M2 (F3165, Sigma Aldrich),
Nbs1 (611870, BD Bioscience), Ser10-phosphorylated histone H3 (number 9706,
Cell Signaling), Ser345-phosphorylated-Chk 1 (number 2341 or 2348, Cell Signaling),
Ser54-phosphorylated-CDC6 (sc12920R, Santa Cruz Biotechnology) and TopBP1
(ab2402, Abcam).

Statistical analysis
Statistical analysis was performed by a two-tailed Student’s r-test to validate the data.
>-values of <0.05 were considered statistically significant.
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The PDZ domain binding motif (PBM) of human T-cell leukemia
virus type 1 Tax can be substituted by heterologous PBMs from
viral oncoproteins during T-cell transformation
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Abstract Several tumor viruses, such as human T-cell
leukemia virus (HTLV), human papilloma virus (HPV),
human adenovirus, have high-oncogenic and low-onco-
genic subtypes, and such subtype-specific oncogenesis is
associated with the PDZ-domain binding motif (PBM) in
their transforming proteins. HTLV-1, the causative agent
of adult T-cell leukemia, encodes Tax1 with PBM as a
transforming protein. The Tax1 PBM was substituted with
those from other oncoviruses, and the transforming activity
was examined. Tax1 mutants with PBM from either HPV-
16 E6 or adenovirus type 9 EAORF]1 are fully active in the
transformation of a mouse T-cell line from interleukin-
2-dependent growth into independent growth. Interestingly,
one such Taxl PBM mutant had an extra amino acid
insertion derived from E6 between PBM and the rest of
Tax1, thus suggesting that the amino acid sequences of the
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peptides between PBM and the rest of Taxl and the
numbers only slightly affect the function of PBM in the
transformation. Tax1 and Taxl PBM mutants interacted
with tumor suppressors Dlgl and Scribble with PDZ-
domains. Unlike E6, Tax]1 PBM mutants as well as Tax1
did not or minimally induced the degradations of Dlg1 and
Scribble, but instead induced their subcellular translocation
from the detergent-soluble fraction into the insoluble
fraction, thus suggesting that the inactivation mechanism of
these tumor suppressor proteins is distinct. The present
results suggest that PBMs of high-risk oncoviruses have a
common function(s) required for these three tumor viruses
to transform cells, which is likely associated with the
subtype-specific oncogenesis of these tumor viruses.

Keywords HTLV-1 - Tax - PDZ - PBM

Introduction

Human T-cell leukemia virus (HTLV) has two subtypes with
distinct pathogenicities [1-3]. The type 1 virus (HTLV-1) is
the etiologic agent of adult T-cell leukemia, whereas type 2
one (HTLV-2) is not associated with any malignancies.
These two viruses immortalize human T-cells in vitro with
equivalent efficiency. Therefore, the distinct pathogenicities
are likely to be in the later step of the leukemogenesis [4].
Accumulating evidence suggests the crucial involvement of
HTLV-1 Tax1 protein in the aggressive pathogenicity of
HTLV-1 relative to HTLV-2 [5-8].

Tax1 and Tax2 are the transforming proteins of HTLV-1
and HTLV-2, respectively, which are essential for the
viruses to immortalize human T-cells in vitro [7, 9-12].
Tax1 and Tax2 have multiple activities such as transcrip-
tional activation of cellular genes through NF-xB, CREB/
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ATF, SRF and AP-1 and the inactivation of tumor sup-
pressor proteins p53 and p16INK4a [13-18], but they are
generally equivalent to each other. Tax1l and Tax2 have,
however, a significant difference in the transforming
activities in vitro [5, 6]. For instance, Tax1 transforms a
mouse T-cell line CTLL-2 from interleukin (IL)-2-depen-
dent growth into independent growth, and the activity was
much greater than that of Tax2 [6]. Subsequent studies
identified two Tax1-specific activities responsible for the
distinct transforming activities. One is the activity through
the PDZ domain binding motif (PBM) present only in Tax1
but not in Tax2 [6, 19], and the other is the activation of
transcription factor NF-xB2 [8]. Therefore, elucidating
these differences would uncover the molecular mechanism
underlying the distinct pathogenicities of these viruses.

Human papilloma virus (HPV) and human adenovirus
are associated with human cervical cancer and estrogen-
dependent mammary tumors in female rats, respectively.
Interestingly, they also have high-oncogenic subtypes and
low-oncogenic ones, and only the high-oncogenic subtypes
have PBM in the transforming proteins such as E6 of HPV
type 16 and E4ORF1 of adenovirus type 9 [20, 21]. Tax1
PBM mutants were produced either with HPV-16 E6 or
E40RF1 of adenovirus type 9 to examine whether these
PBM are functionally substitutable in the functions. These
heterologous PBMs from other high-pathogenic oncovi-
ruses fully substituted for Tax1 PBM in the transformation.
These results further supported the hypothesis that PBMs
of viral oncoproteins have a common function in the
transformation, and thus also in the subtype-specific
oncogenesis of tumor viruses.

Materials and methods
Cells and culture conditions

293T cells are derived from the human embryonic kidney.
This cell line was cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% heat inactivated
fetal bovine serum (FBS), 4 mM L-glutamine, penicillin
(50 U/ml), and streptomycin (50 pg/ml) at 37°C in 5%
CO,. Human T-cell lines used in the present experiments
have been characterized previously [19, 22]. Jurkat and
MOLT-4 are HTLV-1-negative T-cell lines. MT-4 and
SLB-1 are HTLV-1-infected human T-cell lines. These
T-cell lines were cultured in RPMI1640 supplemented with
10% FBS, 4 mM L-glutamine, penicillin (50 U/ml), and
streptomycin (50 pg/ml; RPMI/10%FBS). CTLL-2 is a
mouse T lymphocyte cell line which was cultured in RPMI/
10%FBS supplemented with 55 pM 2-mercaptoethanol
and 500 pM recombinant human IL-2 (RPMI/10%FBS/
IL-2) at 37°C in 5% CO,.
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Plasmids

The lentiviral vector CSII-EF-IG-RfA and the expression
vector pHBPr-1-neo were used for the expression of Taxl
or its mutant proteins, as previously described [5, 8].
Tax1AC is a PBM-negative mutant and has four amino
acid deletion from the C-terminus of Tax1 [19]. M1, M2,
and M3 are Taxl PBM mutants and have PBM from
adenovirus type 9 E4ORF1 (ATLV), HPV-16 E6 (ETQL),
and HPV-16 E6 (RSSRTRRETQL), respectively. The
mutations were introduced using the polymerase chain
reaction (PCR). The 3’-primers used for PCR were 5'-TC
AGACAAGTGTAGCTCGGAAATGTTTTTCACT-3" for
M1, 5-TCAAAGTTGTGTTTCTCGGAAATGTTTTTCA
CT-3' for M2, and 5-TCAAAGTTGTGTTTCGCGGCGT
GTGCGGCTGCTGCGTCGGAAATGTTTTTCACT For
M3. The common 5'-primer was 5'-AACAGCTATGAC-
CATG-3' corresponding to the pBluescript-tax] plasmid,
which has the wild-type taxl gene. After the mutations
were confirmed by DNA sequencing, these genes were
cloned into pPENTR/D-TOPO (Invitrogen) and then were
transferred to CSII-EF-IG-RfA by an LR recombination
reaction using LR clonase (Invitrogen). In addition, the
tax] mutant genes were cloned into pHfPr-1-neo plasmid.

Cell lysate preparation

The 293T and human T-cell lines were treated with lysis
buffer [1% NP40, 25 mM Tris-HCl (pH 7.2), 150 mM
NaCl, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride
and 2 pg/ml leupeptin] at 4°C for 15 min to prepare
detergent soluble and insoluble fractions. After centrifu-
gation, the supernatant was collected and used as a soluble
fraction, and the resultant pellet was suspended in sodium
dodecyl sulfate (SDS) sample buffer [2% SDS, 62.5 mM
Tris-HCI1 (pH 6.8), 20% glycerol, 0.01% bromophenol
blue, 50 mM dithiothreitol], and then heated at 95°C for
5 min. After centrifugation, the supernatants were used as
the insoluble fraction. To prepare total lysates, the cells
were suspended with the SDS sample buffer and heated at
95°C for 5 min. After centrifugation, the supernatants were
used as the total cell lysates.

Western blotting

Soluble fraction (30 pg), insoluble fraction (20 pg), and
total cell lysates (20 pg) were size-separated on 6-12%
polyacrylamide gel containing SDS and then were elec-
tronically transferred to the PVDF membranes. The
membranes were incubated with the primary antibody,
followed by the corresponding secondary antibody labeled
with peroxidase, and then were visualized using an ECL
Western blotting detection system (GE Healthcare). The
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primary antibodies used were anti-Tax1 monoclonal anti-
body (TAXY-7) [23], anti-HA (HA-7 from Sigma), anti-
Scribble (K-21, Santa Cruz Biotechnology, Santa Cruz,
CA), mouse anti-Dlgl monoclonal antibody (BD Biosci-
ences Pharmingen, San Diego, CA), mouse anti-a-Tubulin
monoclonal antibody (Calbiochem), and goat anti-Lamin B
polyclonal antibody (Santa Cruz).

Co-immunoprecipitation assay

The co-immunoprecipitation assay was performed as
described previously [24]. Briefly, the pHBPr-1-Tax|1 or its
mutant plasmids were transiently transfected into 293T
cells by lipofection (Fugene6, Roche Molecular Systems,
Peasanton, CA). Forty-eight hours after the transfection,
the cells were treated with lysis buffer supplemented with
1 mM phenylmethylsulfonyl fluoride and 2 pg/ml leupep-
tin, and the lysates were cleared by centrifugation and
immunoprecipitated with anti-Tax1 antibody (TAXY-7).
The immunoprecipitated proteins were analyzed by Western
blotting using anti-Scribble (K-21, Santa Cruz Biotechnol-
ogy), anti-Dlgl monoclonal antibody (BD Biosciences
Pharmingen), and anti-Tax1, respectively. The antibody
binding to the membrane was visualized using an ECL
Western blotting detection system (GE Healthcare).

Transformation assay

Recombinant lentiviruses were generated by transfecting
pCAG-HIVgp, pCMV-VSV-G-RSV-Rev (provided by
H. Miyoshi) and the respective lentiviral vector plasmids
(Tax1, Tax1AC, M1, M2, M3 in CSII-EF-IG-RfA) into
293T cells by using FuGENE6 (Roche). The supernatant
containing the respective viruses was then infected into the
CTLL-2 cells (5 x 10°) in 2 ml of RPMI/10%FBS/IL-2
medium containing 8 pg/ml polybrene (Sigma). Forty-
eight hours after infection, the cells were washed four
times with phosphate-buffered saline (PBS), suspended in
RPMI/10%FBS without IL-2, and cultured in a 96-well
plate (3,000 cells/well, 5,000 cells/well, 10,000 cells/well)
for 3 weeks. During the culture period, the medium was
changed every three days. Next, the number of wells
containing outgrowing cells was counted using a light
microscope. The transformation (number) was then deter-
mined based on the number of positive wells out of 96
wells.

Immunostaining analysis

To analyze the subcellular localization of Tax1, Tax1 PBM
mutants, Dlgl and Scribble proteins in 293T cells, the cells
were cultured on glass slides in 6-well culture plate over-
night, and then the cells were transiently transfected with

either the pHpfPr-neo-Tax1, pHpPr-neo-Tax1AC, pHpfPr-
neo-Tax1M1, pHpPr-neo-TaxI1M2 or pHfPr-neo-Tax1M3
plasmid using the lipofection method (FuGENE 6). At 48 h
after transfection, the cells were fixed with 4% formalde-
hyde in PBS for 25 min at 4°C. The fixed cells were then
incubated with the mouse anti-Dlg1 antibody (BD Biosci-
ences Pharmingen) and the serum from an HTLV-1 carrier
for Dlg1 analysis, or incubated with the rabbit anti-Scribble
antibody (H-300) and the mouse anti-Taxl antibody
(TAXY-T7) for a Scribble analysis. After washing, the cells
were incubated with Alexa 594 labeled anti-mouse IgG
(Molecular Probes, Eugene, OR) and fluorescein isothio-
cyanate labeled anti-human IgG (Beckman Coulter, Ful-
lerton, CA) for Digl analysis, or incubated with Alexa 594
labeled anti-mouse IgG (Molecular Probes) and Alexa 488
labeled anti-rabbit IgG (Molecular Probes) for a Scribble
analysis. After washing, the cells were stained with
Hoechst 33258. The stained cells were then examined by
fluorescent microscopy (BZ-8000, KEYENCE).

Results

Functional substitution of Tax] PBM by heterologous
PBMs

Three Tax] PBM mutants were produced to examine
whether PBMs of other oncoproteins can substitute Tax1
PBM in the transformation. M1 and M2 have the PBM of
adenovirus type 9 E4ORFland HPV-16 E6 (ATLV and
ETQL instead of ETEV in Fig. 1a), respectively. M3 has
the 11 amino acid from the E6 C-terminus including PBM
and thus have an extra seven amino acid residues relative to
Tax1. The lentiviruses encoding these Taxl mutants as
well as Tax1AC without Tax1 PBM were cultured with an
IL-2-dependent T-cell line (CTLL-2) for 24 h, and then
cultured without IL-2 for 3 weeks on 96-well plates. The
wells with outgrowing cells were counted by a light
microscope. Cells infected with the control lentivirus or
with lentivirus encoding Tax1AC without PBM did not
induce the outgrowth of CTLL-2 cells (Fig. 1b). On the
other hand, all three Tax1 PBM mutants efficiently induced
the outgrowth, although the activities were not as strong as
those of wild type Taxl. The inability of Tax1AC to
transform CTLL-2 was not due to the quantity of the
Tax1AC proteins in CTLL-2, since a Western blotting
analysis detected the equivalent amount of Tax1AC protein
to those of Tax1 in CTLL-2 (Fig. Ic). It should be noted
that a substitution mutation of Tax1 amino acid 353 from
Val to Ala (Tax353A) or 351 from Thr to Ala (Tax351A)
abrogated the transforming activity [6], denying that the
addition of any four amino acids to Tax1 C-terminus can
rescue the transforming activity. Therefore, these results
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Fig. 1 The functional substitution of Tax] PBM by heterologous
PBMs of viral oncoproteins. a Amino acid sequences of the
C-terminal ends of three oncoproteins and Tax1 mutants. b The cell
lysates were prepared from CTLL-2 cells infected with lentiviruses
encoding the indicated Tax1 mutants or the control lentivirus (Cont),
and they were characterized by a Western blotting analysis using anti-
Tax1 antibody. ¢ CTLL-2 cells were infected with lentiviruses

indicated that the PBM from two oncoviruses can sub-
stitute for the function of the Tax] PBM in the transfor-
mation. Unlike other PBM mutants, M3 has extra amino
acid residues in front of PBM derived from E6 (Fig. 1a),
thus indicating that PBM can flexibly perform its func-
tion(s) in the transformation.

Tax1 mutants interact with PDZ domain proteins

Tax1 is known to interact with multiple PDZ domain
proteins including Dlgl and Scribble [24-26], and the
interactions are strongly correlated with the transforming
activity toward CTLL-2 [22]. Tax1 expression plasmids
were transfected into 293T cells. The lysates prepared from
the transfected cells were then immunoprecipitated with
anti-Tax1 antibody, and the proteins precipitated with Tax1

INPUT

Tax1: Ml M2

M3 Tax AC Cont

Tax1 :

Tax1AC Control

encoding Tax1 or the indicated Tax1 mutants, or the control lentivirus
(Cont). They were cultured with IL-2 for 24 h, washing with PBS,
and then cultured without IL-2 for 3 weeks on 96-well plate in the
density of 1,000 cells/well, 3,000 cells/well or 10,000 cells/well. The
wells containing outgrowing cells were counted by a light micro-
scope. The transformation (number) is the number of wells containing
outgrowing cells (the maximum number is 96)

were characterized with anti-DIgl or anti-Scribble anti-
body. Anti-Tax1 antibody co-immunoprecipitated endog-
enous DIgl and Scribble together with wild type Tax1 or
its PBM mutants (M1, M2, M3), but not with Tax1AC, thus
indicating that Dlgl and Scribble interact with Taxl
mutants in a heterologous PBM-dependent manner
(Fig. 2). In addition, the amount of DIgl and Scribble in
soluble cell lysates was reduced by the interaction with
Tax1 and its mutant. A previous study showed that Dlg1 is
translocated to the detergent insoluble fraction through
binding to Taxl [19]. Three cell lysates (namely, the
detergent soluble fraction, the detergent insoluble fraction,
the total lysate) were prepared from the 293T cells trans-
fected with the Tax1 plasmids used above to examine
whether Tax1 has similar activity to Scribble. While Tax1
or its mutants interacting with these PDZ domain proteins

IP:Tax1
Mi M2 M3 Taxl AC Cont
C Tax € Tax C Tax C T C T

Ab :C Tax

Fig. 2 Tax] PBM mutants can interact with Dlgl and Scribble. Cell
lysates were prepared from 293T cells transfected with the expression
plasmids encoding the indicated Tax1 mutants or the control plasmid
(Cont). An aliquot of the lysates were immunoprecipitated with anti-
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Tax1 antibody (Tax) or the control antibody (C). The total cell lysates
(Inpur) and immunoprecipitates (/P) were characterized by a Western
blot analysis using anti-Dlgl, anti-Scribble, or anti-Tax1 antibody




